ACTA ZOOLOGICA BULGARICA

Acta Zool. Bulg., March 2026, 78 (1): 47-59

Aquatic Ecology Published online 23 December 2025
Research Article DOI: https://doi.org/10.71424/azb78.1.002849

Distribution and Population Parameters of Brown Trout
Salmo Trutta Linnaeus, 1758 (Actinopterygii: Salmonidae)
in West Aegean Basin in Bulgaria in Response to
Hydromorphological Pressure and Climate Changes

Stefan Kazakov'', Desislava Stoianova’, Apostolos Apostolou’, Boris Velkov', Borislav Borisov’,
Milena Pavlova', Luchezar Pehlivanov'

nstitute of Biodiversity and Ecosystem Research, Bulgarian Academy of Sciences, Bulgaria; E-mail: skazakov.iber@gmail.com,
d.st.stoianova@gmail.com, apostolosfish@abv.bg, milenalpavlova@gmail.com, luchezarpehlivanov@gmail.com
*Geograf Ltd. Bulgaria; E-mail: bobiborisov@abv.bg

Abstract: The aim of the study was to assess the response of the brown trout (Sa/mo trutta) population as indica-
tor of anthropogenic pressure and climate changes. About 239 samples from the watersheds of the rivers
Struma, Mesta and Dospat, from Bulgarian territory were gathered and analysed for the period between
2009 and 2023. Fish-based index for ecological status assessment as well as trout population parameters
like abundance, biomass and average weight were tested as dependent variable of the hydromorphologi-
cal status of the Water Bodies (WBs). Air temperature was used as an indirect variable for analysis of the
trout response to climate change. We build a habitat suitability model on river segment level using both
variables measured during sampling, and variables extracted from publicly available GIS data.

Brown trout was found in 119 samples from 44 WBs (out of 168 WBs) in West Aegean Basin Di-
rectorate, representing 26% of the designated WBs in the region. The trout fish index, showed significant
relation with two types of hydromorphological pressure: morphological modifications as well as water
flow regulation. Higher temperatures, used as a proxy for climate change, were associated with reduced
average individual trout weight according to general linear mixed model results. The habitat suitability
model indicated that water depth and the proportion of forested areas in the catchment significantly influ-
ence the suitability of aquatic habitats for S. frutta in the analysed river segments.
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Introduction portant fish species. With specific foraging, rest%ng

(Jonsson and Jonsson 2011), spawning, and growing
Brown trout (Salmo trutta) is a cold-water species, habitat requirements (Haury et al. 1999), it is par-
widely distributed in Europe as well as in Bulgaria ticularly sensitive to hydromorphological alterations
(Bagliniere 1999). Bulgarian Water Act (1999) iden-  (Borgwardt et al. 2020; Larios-Lopez et al. 2015).
tified the brown trout among the commercially im-  Hydromorphological alterations, in many European
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rivers, are represented by numerous transversal or lat-
eral structures like weirs, dams, dykes, embankments,
associated with modifications like channel straight-
ening, deepening, water abstractions, water flow and
water level regulations (Fehér et al. 2012, Carolli et
al. 2023). Such changes destroy and isolate foraging,
spawning or resting habitats, and can fragment fish
populations by impeding upstream or downstream
movement (EEA 2021; Ministry of Agriculture and
Food 2015). Brown trout, which require cool, well-
oxygenated water and complex habitat structures, are
especially vulnerable (Boets et al. 2018).

In Bulgaria and across the Balkan Peninsula,
mountainous regions provide trout habitats, but they
also experience some of the highest hydromorpho-
logical pressures due to hydropower construction
(Vowles et al. 2014, Pehlivanov et al. 2018, Petkova
et al. 2019). These activities often disrupt the mi-
gration corridors, alter the natural flow regime and
deteriorate crucial trout habitats (Larios-Lopez et al.
2015). As a protective measure, certain mountain
streams have been proposed as protected areas for
trout reproduction (Marinov et al. 2021). However,
ongoing alterations highlight the need for further
research on how habitat changes affect trout abun-
dance, biomass, individual growth, and population
reproduction (Pehlivanov et al. 2012, 2018, Kaza-
kov et al. 2022).

Beyond hydromorphological impacts, climate
change increasingly challenges aquatic ecosystems
by altering streamflow variability, modifying flow
seasonality, and raising water temperatures (Birsan
et al. 2005). Water temperature is among the most
critical environmental parameters for fish because it
directly affects feeding activity, metabolism, growth,
reproduction, and survival (Borgwardt et al. 2020;
Ros and Brinker 2024). Brown trout, as a cold-wa-
ter species with specific thermal requirements, is
especially susceptible to warming (Elliott & Elliott
2010; Santiago et al. 2016). Laboratory studies have
provided substantial evidence that trout experience
physiological strain when temperatures increase be-
yond their optimal growth range of around 12-16 °C
(Réalis-Doyelle et al. 2016). Above approximately
19.5 °C, brown trout exhibit reduced net energy gain
for growth (Elliott 1976, Elliott & Elliott 2010).
Chronic or repeated exposure to temperatures above
~20 °C can compromise cardiac function and raise
metabolic demands, thereby lowering fitness and
survival (Hari et al. 2006, Vornanen et al. 2014).
Warmer water is also correlated with disease out-
breaks, such as Proliferative Kidney Disease (PKD),
which further compromises trout populations (Borg-
wardt et al. 2020).
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In natural systems, this thermal sensitivity trans-
lates into shifts in distribution. Empirical work sug-
gests that as water temperatures rise, brown trout may
be forced upstream to cooler headwaters (Borgwardt
et al. 2020). In Bulgaria and the broader Balkan re-
gion — where mountain streams are relatively cooler
— such upward habitat shifts might be feasible if these
areas remain intact and accessible. Moreover, the
interaction between thermal stress and habitat frag-
mentation could accelerate population declines if no
management actions are taken (Ros & Brinker 2024).

The aim of this study was to assess the trout
population response to hydromorphological pres-
sure and climate changes (with temperature used as
a proxy for ongoing climate change) in watersheds
of the rivers Struma, Mesta and Dospat, on the terri-
tory of Bulgaria.

Material and Methods

Data sources and sampling

The area of investigation included the watersheds of
the three main rivers Mesta, Struma and Dospat in
the West Aegean Basin Directory of Bulgaria. Moni-
toring data from fish sampling for the period 2009
—2023 were included and analysed. Overall 239 fish
sampling events were conducted at 222 sampling
sites distributed in 89 WBs. Fish sampling was done
using electrofishing, according EN 14011:2003.
Sampling sites were selected in river segments
which were representative for the water bodies. Sam-
pling was conducted during the summer-autumn pe-
riod from July to October. Geographic coordinates
and altitude of every sampling event and sampling
site were recorded via GPS device Garmin etrex 30x
(table 1). River water temperature were measured in
situ. The water depth, the percentages of dominant
substrate type as well as percentage of tree cover at
each sampling site were obtained by rough visual es-
timation. The water depth and shading (percentage
of tree cover) were included in the trout distribution
model. Population parameters like abundance and
biomass were in situ measured for the applied tran-
sect and later calculated for hectare. Average individ-
ual weight were calculated dividing the total biomass
to the abundance = (biomass * 1000) / abundance.
Trout River Index assessing the ecological state was
calculated according Pehlivanov et al. 2012.

Testing the impact of hydromorphological
pressure on trout population parameters

Data for hydromorphological status of the
WBs was derived from the river basin management
plan (RBMP) (2022-2027) of West Aegean Basin
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Directory (WABD). The assessment of the hydro-
morphological status was based on the degree of
three types of alterations: morphological modifica-
tions, river discontinuity and water flow regulation.
Each of those types of alterations were scaled in
three classes, where class 1 (excellent status) was
given to non-modified WBs or near-natural state;
class 2 (good status), considering slight degree of
alterations, but still close to natural conditions; class
3 (moderate status), was considered when altera-
tions were significant and the WBs were identified
as highly modified.

In order to analyse the fish data against the hy-
dromorphological status data from 119 samples con-
tained brown trout were applied. The Ecological sta-
tus according to Trout Rivers Index (TRI) and three
trout population parameters: trout abundance (Ind.
ha'), trout biomass (kg. ha'), average individual
weight, were used as dependent numeric variables.

To test the relationship between the TRI, the
trout population parameters and the three types of
hydromorphological pressure a Multivariate Analy-
sis of Variance (MANOVA) using “dplyr” package
in R (version 2024.04.2) was applied. The three
types of hydromorphological pressure were used as
independent variables, while TRI, trout abundance,
trout biomass and trout average weight were used as
dependent variables. Shapiro — Wilk test was initial-
ly performed to test if the dependent variables meet
the criteria for normal distribution.

Testing the influence of air temperature changes
on trout population parameters

While water temperature measurements taken dur-
ing fish sampling (the only source of water tempera-
ture data available for the sampling stations) provide
valuable point-in-time data, they represent only in-
stantaneous conditions that do not reflect the ther-
mal regime experienced by fish populations over
extended periods. Atmospheric conditions drive riv-
er thermal regimes via solar radiation and heat ex-
change, making air temperature a suitable indicator
of thermal stress (Borgwardt et al. 2020). Air tem-
perature has been indicated as the dominant factor
explaining long-term stream temperature trends in
previous studies concerning salmonid fishes (Isaak
et al. 2015). And air temperature often has been used
as a proxy variable for water temperature in ecologi-
cal studies involving aquatic organisms (Bonacina
et al. 2023). The use of air temperature offers several
advantages for ecological studies: it provides a con-
sistent proxy for thermal conditions over time, al-
lows for standardized comparisons across sampling
sites, and can be readily obtained from meteorologi-

cal databases with long-term records. Additionally,
July typically represents the warmest period in the
study region when thermal stress on trout popula-
tions would be most pronounced, but in July the
water temperature was measured at sites with trout
presence only during four sampling events. The
scarcity of such data prevented us from using wa-
ter temperature as indicator of thermal stress con-
ditions. To check the suitability of air temperature
as approximation of water temperature, we run the
following preliminary analysis. In our data set there
were 163 sampling events (out of the total 239) with
measurements for water temperature, we extracted
the air temperature from ERAS reanalysis database
(link in the references), using the date of sampling
and the coordinate of the sampling site for each of
these sampling events. Then we carried out correla-
tion analysis to explore the relationship between the
air temperature and water temperature. The results
(r =0.75, p<0.001, no significant deviation from a
normal distribution for both temperature variables),
indicated that the air temperature is suitable proxy
variable for water temperature for the purposes of
the present study.

Therefore, we utilized average July air tem-
perature (TJul) from the ERAS database (link in the
references) with spatial resolution of 0.25° x 0.25°
(approximately 31 km), as an indicator of thermal
conditions. We chose mean July air temperature as
our primary thermal indicator because it represents
the period of maximum thermal stress for brown
trout in the region. While daily temperature ex-
tremes may also be important, the monthly average
provides a reliable measure of overall thermal con-
ditions during the critical summer period. We tested
the influence of temperature changes using the av-
erage air temperature for the month of July (TJul)
for the respective location and the corresponding
year of sampling. We extracted the temperature data
from raster layers downloaded from ERAS5 database
(link in the references). We used data obtained from
84 locations of S. frutta, for each locality only data
for one sampling event was selected — the one col-
lected in the latest month of the respective year from
the respective locality. The data included three trout
population parameters — abundance, biomass and
average individual weight (AIW). To address pos-
sible bias due to stocking of brown trout (introduc-
tion of juvenile fish 0-year-olds) in the studied river
sections, we excluded sampling events during which
only 0-year-old brown trout were present from fur-
ther analysis.

To ensure that the response variables biomass
and average individual weight, did not significantly

49



Kazakov S., Stoianova D., Apostolou A., Velkov B., Borisov B., Pavlova M., Pehlivanov L.

deviate from a normal distribution, we applied a
series of transformation and outlier removal tech-
niques — logarithmic transformation: log (AIW);
log (biomass +1), respectively. And identified and
removed potential outliers using the Interquartile
Range (IQR) method — data points falling outside
the range of 1.5 times the IQR were considered out-
liers and removed, for each of the two variables re-
spectively.

After the removal of outliers, the log AIW val-
ues did not significantly deviate from normality —
(Shapiro-Wilk normality test results: W =0.97704, p
= 0.154). The values of log Biom still showed some
deviation from normality (Shapiro-Wilk test results:
W =0.96389, p = 0.01411). However, we consider
the distribution of the data for these two variables to
be close enough to normal to use it for modelling.

General Linear Mixed Models (GLMM) was
applied, allowing us to analyse the influence of tem-
perature on trout populations while simultaneously
accounting for the variation associated with differ-
ent river types and seasonal variability throughout
the year — we included river type and sampling
month as random factors. Therefore, enabling an as-
sessment of the effect of temperature on the trout
catch data, regardless of the river type or month of
sampling. Temporal variability was addressed by in-
cluding the sampling month as a random effect in
our GLMM models, allowing us to account for sea-
sonal variations in environmental conditions. Since
tree cover can have significant influence on the wa-
ter temperature, by providing shadow, we included
as an independent variable the percentage of tree
cover for each sampling site. The tree cover data
was extracted from Tree Cover Density raster layer
with resolution of 10 m (EEA geospatial data cata-
logue). We tested for interaction between tree cover
and TJul by including an interaction term (Interac-
tion = TJul* tree cover).

The Gaussian (normal) distribution was chosen
for the models of continuous variables — logAIW
and logBiomass, and negative binomial distribu-
tion for the count variable — abundance. We tested
non-linear effects by including quadratic terms for
tree cover and TJul in the GLMM. After building
the initial logistic regression model we reduced the
variables, and in the final model included only those
with coefficient associated with p-value < 0.05. For
the final model we performed random effect diag-
nostics using marginal R-squared — proportion of
variance explained by the fixed effects and condi-
tional R-squared — proportion of variance explained
by both fixed and random effects. Additionally, we
ran Breusch-Pagan test to check for heteroscedas-
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ticity (non-constant variance in the residuals). For
model evaluation, we employed leave-one-group-
out cross-validation: we systematically removed
each month category, refitted the model, and pre-
dicted the left-out group to assess model stability
and predictive performance (Roberts et al. 2017).
We applied the trained model to predict the test-
month data and calculated the root mean squared
error (RMSE) between observed and predicted de-
pendent variable values. From each fitted model, we
also extracted the temperature coefficient and its p-
value and calculated their range and standard devia-
tion among the models.

Habitat suitability models

For environmental data extraction we used the
following sources 1) layer with river sections ex-
tended to separate WBs provided by WABD; 2)
layer consisting of river catchments including
identification code of the downstream adjacent
catchment (sub-basin), extracted from the CCM2
geodatabase (Joint Research Centre — European
Commission, link in the references); 3) Corine land
cover (CLC) data was derived from a geodatabase
(in vector format) — CLC 2012 (U2018 CLC2012_
V2020 20ul.gdb), downloaded from the official
site of Copernicus — The European Earth Observa-
tion Programme; 3) Tree Cover Density (EEA geo-
spatial data catalogue); Slope raster (derived by us
in QGIS) from altitude layer Hydrologically con-
ditioned DEM (HydroSHEDS database); mean air
temperature raster WorldClim 2 (Fick & Hijmans
2017).

The spatial resolution varied among ecological
layers, Corine Land Cover ~100 m; Tree Cover
Density 10 m; Slope raster ~ 90 m; mean air temper-
ature ~ 1000 m. The average area of the catchments
in the CCM2 database was ~ 5 km?. To ensure proper
alignment, all layers were reprojected to the same
coordinate reference system (WGS84/UTM Zone
35N). We calculated the cumulative area of each
land cover third level class and then converted to
percentage for each of the catchments, as described
in Stoianova (2023) and added to the catchment at-
tributes table.

Then the S. trutta occurrence data (presence/
absence), were added to the catchments layer attrib-
utes. If a catchment contained one or more stations
with occurrence of S. frutta, then it was marked as
a catchment with presence of the species. If a catch-
ment contained only sampling sites without the
species, then the catchment was marked with “ab-
sence”. We added to the catchment’s attributes table,
also data for environmental variables measured in
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situ (see Table 1) and averaged over all the sampling
events in the given sampling sites and then again
averaged over the sampling sites in each catchment.

The layer with river sections identified as sepa-
rate WBs was intersected with the catchments layer.
As a result, we had a layer with 4386 smaller river
segments (with average length of 650 m) each of
which having the attribute values of the respective
catchment it was located in. For each of these small-
er river segments we calculated: the average slope,
mean air temperature, and percentage of tree cover
using the respective raster layers (see above).

To examine the relationships between the can-
didate predictor variables, we conducted a correla-
tion analysis using Spearman’s rank correlation.
This non-parametric method was chosen since the
distribution of the predictor variables was not nor-
mal (determined through exploratory data analysis).
To focus on statistically significant correlations,
we applied a significance threshold of p < 0.05 and
highlighted only the significant correlations using a
heatmap in order to remove one variable from each
strongly correlated pair, and reduce multicollinear-
ity among the remaining environmental predictors.

To reduce multicollinearity, we conducted also
a Variance Inflation Factor (VIF) analysis using a
logistic regression framework (variables with more
than 25% missing values were excluded from further
analysis). The variables were used in a generalized
linear model (GLM) with a binomial distribution
(presence/absence as the response). Only complete
cases (rows with no missing values) were retained
for the analysis. Variance Inflation Factor values
were computed for all predictors using the function
vif from the car package in R, and variables with VIF
values exceeding two were iteratively removed. In
each iteration, the predictor with the highest VIF was
excluded, and the model was refitted until all remain-
ing variables had acceptable VIF values (VIF< 2).

After building the initial logistic regression
model we reduced the variables, and in the final
model included only those with coefficient as-
sociated with p-value < 0.05. We tested for non-
linear effects by including quadratic terms for the
continuous variables. To evaluate the final model,
we implemented a 10-fold cross-validation using
the caret package in R. The cross-validation was
stratified to maintain the balance between presence
and absence data across the folds. The performance
of the model was assessed by (based on the test data
from cross-validation folds) calculating the area un-
der the curve (AUC) and true skill statistic (TSS)
values The TSS was calculated from the confusion
matrix derived at the optimal threshold determined

using the Youden index.After model evaluation, the
trained logistic regression model was applied to the
entire dataset. The model predicted the probability
of presence for each of the segments with available
data, and these probabilities were converted to bi-
nary presence/absence predictions using the previ-
ously determined (using the Youden index) optimal
threshold.

The data extraction steps were carried out in
QGIS version 3.14; All the data analyses were con-
ducted using R (version 2024.04.2). For GLMM
analysis we used the function glmmTMB from
the glmmTMB package (Brooks et al. 2017), and
MuMIn (Barton 2020) for R-squared calculation.
The Breusch-Pagan test was done using bptest from
Imtest package (Zeileis & Hothorn 2002, Zeileis
2023). For the Variance Inflation Factor analysis, the
car package was used (Fox & Weisberg 2019). The
caret package was used for training and cross-vali-
dation of the habitat suitability model; pROC pack-
age (Robin et al. 2011) was used for ROC analysis
and AUC calculation; and the ggcorrplot package
(Kassambara 2019) was used for visualizing corre-
lations among predictor variables. The final model
and predictions were visualised using QGIS.

Results

Brown trout was found in 119 samples from 44 WBs
(out of 168 WBs) in West Aegean Basin Directorate,
representing 26% of the total WBs in the region. The
altitude of the localities ranged from 114 meters up
to 1917 meters above sea level (mountain streams)
(Table 1). Most often, trout was found in the range
between 636 and 1306 meters a.s.l. The occurrences
of trout were associated with an average of 62.44
(SD + 25.23) percentage of tree cover. During the
summer-autumn season, when the samplings were
conducted, the mean water temperature was around
12.12 (SD + 3.73) °C and ranged between 5.4 and
19.0 °C. Average abundance of brown trout was 555
(SD + 469) individuals per hectare, where the av-
erage biomass was 22.5 (SD £22.4) kilograms per
hectare. Average individual weight was 45.33 (SD +
43.79) grams per fish.

Overall comparison of trout population pa-
rameters and different types of hydromorphological
pressure (Table 2) indicated that WBs with different
degrees of morphological status did not differ sig-
nificantly among their trout population parameters
(p = 0.184). Moreover, the WBs with different de-
grees of river continuity, also did not significantly
differed based on trout population parameters (p =
0.088). However, the trout river index (ES_TRI) ex-
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hibited differences in respect to the status of the hy-
drological flow regulation (p = 0.0018). Ecological
status based on Trout River Index (ES_TRI) showed
statistically significant differences between trout
populations from two types of hydromorphologi-
cal pressure: river discontinuity (p = 0.02) and flow
regulation (p = 0.0018). The tested trout population
parameters: trout abundance, trout biomass and av-
erage individual weight did not differ significantly
between the WBs with different degree of morpho-
logical modifications as well as between the WBs
with different degrees of river discontinuity.

Testing the influence of air temperature changes
on population parameters

The models (Table 3), showed statistically signifi-
cant influence of the average air temperature in July
(TJul) on the average individual weight (p = 0.001)
and on biomass (p = 0.02), with negative relation-
ship with each of them. We applied a log transfor-
mation to both average weight and biomass meas-
urements in our model. This transformation helps us
interpret temperature changes in terms of percentage
effects rather than absolute values. When we back-
transformed the coefficient for July temperature, our
analysis revealed that for each 1°C increase in July
temperature, average individual weight decreased
by approximately 16.5%, while total biomass de-
clined by about 17.5%. These percentages represent
the reduction compared to what would be expected
if that temperature increase had not occurred. In
other words, warming significantly diminishes both
individual fish size and overall population biomass.
The tree cover, the quadratic term for TJul and the
interaction term had coefficients associated with p
>0.05 and therefore were excluded from the final
models presented in Table 3.

The marginal and conditional R-squared values
indicated that the proportion of variance explained
by both the air temperature, and the random effects

(month and river type) was 18.8% of the variance
in log transformed AIW, and 11.7% was explained
by air temperature alone. Temperature together with
the random effects explained 10% of the variance in
log transformed biomass, while 6.8 % was explained
by temperature by its own. According to the results
of the Breusch-Pagan test there was no evidence of
non-constant variance in the residuals of the average
individual weight model nor those of the biomass
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Fig. 1. Distribution of monitored sites and Salmo trutta
occurrence in West Aegean Basin Directory (WABD).
Hydromorphological status of the water bodies for the
period 2015-2021, according to the River Basin Manage-
ment Plan (RBMP) 2022-2027: 1 — High status; 2 — Good
status; 3 — Moderate status

Table 1. In situ measured environmental parameters: Altitude (m), Tree cover (%), Water temperature (°C). Brown trout
population parameters: Abundance (Ind. ha'), Biomass (kg. ha') and Average individual weight (AIW) (g). Ecological
status based on Trout River Index (ES_TRI) of the sampled river sections with trout occurrence.

Measured parameter N Mean SD Min Max SE
Altitude (m) 119 971.5 335.47 114 1917 30.75
Tree Cover (%) 80 62.44 25.23 0 100 2.82
Water Temperature (°C) 99 12.12 3.73 54 19 0.37
Abundance (ind. ha'') 113 554.67 469.28 6.25 2600 44.15
Biomass (kg. ha™) 113 22.48 24.01 0.25 126.53 2.26
Average individual weight AIW(g) 113 45.33 43.79 5 357.14 4.12
ES TRI 119 4.05 0.75 2 5 0.07
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Table 2. MANOVA test of relationship between the trout population parameters — Abundance, Biomass and Average
individual weight (AIW) (g), against different types of hydromorphological pressure: Ecological status according to
Morphological modifications - ES Morph; Ecological status according to River continuity - ES Rcont; Ecological
status according to Hydrological flow regulation - ES Hflow; MANOVA test also was applied between the Ecological
status based on Trout River Index (ES_TRI) against the different types of hydromorphological pressure. Shapiro-Wilk
normality tests of the presented dependent variables: Abundance (ind. ha-1), Biomass (kg. ha-1), Average individual
weight AIW (g), Ecological status based on Trout River Index (ES_TRI) indicating close to normal distribution (W, p)

prior to MANOVA test. *significance level <0.05.

Population parameter Hydromorphological Df Sum Sq | Mean Sq | F-value | Pr(>F)
pressure
Abundance ES_Morph 1 206861 | 206861 | 0968 | 03273
(ind. ha-1) ES_Rcont 1 477524 | 477524 | 2235 | 0.1378
W=0.8879, ES_Hflow 1 695415 | 695415 | 3255 | 0.074
p<0.0001 Residuals 109 | 23285000 | 213625
Biomass ES_Morph 1 64 63.88 0.11 0.7408
(ke. ha-1) ES_Rcont 1 242 24224 | 0417 | 05198
W=0.7919, ES_Hflow 1 909 90886 | 1564 | 02137
p<0.0001 Residuals 109 63330 | 581.01
o ' ES_Morph 1 4039 | 40386 | 2.134 | 0.1469
Average individual weight ES_Rcont 1 3184 | 31835 | 1.683 | 0.1973
AIW(g) W=0.6445,
00,0001 ES_Hflow 1 1343 13433 071 | 04013
Residuals 109 206244 | 1892.1
Ecological status based on ES_Morph 1 1304 | 13044 | 2723 | 0.1018
Trout River Index (ES_TRI) ES_Rcont 1 2674 | 26736 | 5581 | 0.0199*
W=0.8261, ES_Hflow 1 4921 | 49214 | 10273 | 0.0018*
p<0.0001 Residuals 109 52216 | 0479

model (for both, p > 0.2). Also, the residuals dis-
tribution (tested for both AIW and biomass models,
respectively) did not deviate significantly from nor-
mal distribution: Shapiro-Wilk normality test, p >
0.1. Leave-one-group-out cross-validation showed
notable differences in predictive performance and
parameter stability between the AIW and biomass
models. For the AIW model, temperature effects
were remarkably stable when systematically exclud-
ing each month category (coefficient range: -0.157
to -0.206; SD = 0.020). This temperature-AIW re-
lationship remained statistically significant across
all cross-validation scenarios (all p < 0.05), indicat-
ing robust estimation regardless of which temporal
subset was excluded from model fitting. In contrast,
the biomass model showed more variable tempera-
ture effects (coefficient range: -0.082 to -0.298; SD
= (0.088) and inconsistent statistical significance,
with convergence issues in two of the four months.
While the direction of the temperature-biomass rela-
tionship remained consistently negative, its magni-
tude was more sensitive to the temporal structure of

the data. Predictive accuracy also differed between
models, with the AIW model showing lower aver-
age prediction error (RMSE = 0.620) compared to
the biomass model (RMSE = 1.015).

We did not find statistically significant rela-
tionship between TJul and the abundance (p = 0.38).

Habitat suitability model

It should be mentioned that in the region of the study
there were data on the location of about 180 barriers
with varying characteristic and of the 222 sampling
sites with S. frutta presence/absence data, 29 were
located within 1 km of barriers. S. trutta was found
at 26 of these sites and absent from the remaining
three. Of the 29 sites, 14 were located before (up-
stream of) the barriers, and 15 were located after
(downstream of) them. We did not incorporate vari-
ables representing distance to or presence of barri-
ers into the habitat suitability model because sites
before and after barriers were nearly equally repre-
sented in the presence data and S. trutta was present
at 90% of these sites.
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Table 3. Results of modelling the relationship between average air temperature in July (TJul) and the transformed val-
ues of average individual weight (log_ AIW) and biomass (log_Biomass ); Std. Error — standard error of the coefficient
estimate; z value — test statistic for the coefficient, calculated as Estimate / Std. Error ratio; Pr(>|z|) -p value associated

with the z-test for each coefficient.

Formula Fixed Effect | Estimate | Std. Error | z value Pr(>|z|)
log AIW ~ TJul + (1 | Month/River type) Intercept 7.9 1.12 6.37 1.87e-10
log ATW ~ TJul + (1 | Month/River type) TJul -0.18 0.06 -3.20 0.001
log_Biomass ~ TJul + (1 [Month/River type) Intercept 6.48 1.66 3.90 9.49¢-05
log_Biomass ~ TJul + (1 | Month/River type) TJul -0.19 0.09 -2.33 0.02

@ & § Q o
6@.‘-‘ & & . & eﬁ;\o S“dé\ .\k'(‘";'b \95 & e ¥ A & ;
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020 -0.26
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AvSilt
E]

According to the correlation analysis the can-
didate predictors were not strongly correlated (no
correlation coefficient exceeding 0.70). The follow-
ing VIF analysis resulted in a set of nine predictors
with low multicollinearity, which we used for the
habitat suitability models: a microhabitat variable
— average water depth; three variables averaged for
each river segment — tree cover, air temperature and
slope; and five land cover variables — discontinuous
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urban fabric, non-irrigated arable land, vineyards,
complex cultivation patterns, coniferous forest. The
dataset we used for initial building the logistic re-
gression model comprised of data for 361 river seg-
ments (197 with presence and 164 with absence) —
the nine predictor variables, and a binary presence/
absence variable for S. trutta.

In the initial model, only average water depth,
non-irrigated arable land and coniferous forest, were
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Table 4. Coefficients of the final model. Estimate — estimated value of the regression coefficient for each predictor
variable; Std. Error — standard error of the coefficient estimate; z value — test statistic for the coefficient, calculated as

Estimate / Std. Error ratio; Pr(>|z|) -p value associated with the z-test for each coefficient.

Variable Estimate Std. Error z value Pr(>|z|)
(Intercept) -2.47298 0.802079 -3.08322 0.002048
Non-irrigated arable land -0.21556 0.031051 -6.94192 3.87e-12
Coniferous forest 0.069628 0.018077 3.851668 0.000117
Average depth 22.28131 6.045219 3.685774 0.000228
Non-irrigated arable land quadratic term 0.0026 0.000484 5.375504 7.64e-08
Coniferous forest quadratic term -0.00057 0.00022 -2.58908 0.009623
Average depth quadratic term -37.9444 10.39873 -3.64895 0.000263
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Fig. 3. The response curves for variables used in the final
model: a) coniferous forest land cover (%); b) non-irrigat-
ed arable land (%); c) average water depth (m).

Fig. 4. Input data and results of habitat suitability model
for S. trutta: a) segments with registered presence or ab-
sence; b) segments with predicted presence or absence.
Red — absence; blue — presence; grey — no data.

with coefficient associated with p-value < 0.05,
and therefore we included them in the final model
(Table 4). For all three predictors significant non-
linear effects were indicated — the quadratic terms
included for each of these three variables were with
coefficients associated with p-value < 0.05. Accord-
ing to the response curves (Figure 3), generated by
varying one variable while keeping all others at their
average values, habitat suitability peaked at 60 %
coniferous forest land cover and about 0.3 m wa-
ter depth. The curve for non-irrigated arable land
showed a U-shaped relationship, indicating lowest
habitat suitability at intermediate values (~30-50%)
of non-irrigated land. Very low (<10%) or very high
(>70-80%) proportions of non-irrigated land are
associated with higher probabilities of trout occur-
rence.

The final habitat suitability model had rela-
tively good predictive performance, evaluated us-
ing cross-validation, TSS = 62, and AUC = 86. The
model correctly predicted presence for 75% of the
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input segment with trout presence, and correctly
predicted absence in 88% of the segments with trout
absence. The sum length of the river segments with
registered presence was 277.78 km. Unfortunately,
there was no available data for all the river segments
with presence but only for 197 of them, covering
total length of 256.91 km. The total length of the
segments with correctly predicted by the model
presence was 236.2 km, the model failed to detect
correctly the presence in 20 km of the analysed river
segments.

Discussion

The analysis of the environmental parameters data
showed that trout was found mainly in the moun-
tainous river sections, where maximum annual wa-
ter temperatures did not increase over 19 °C. These
findings are consistent with previous studies where
the upper temperature range of distribution of the
brown trout was reported up to 18-18.5 °C ((Baglin-
iére 1999; Elliot & Elliot 2010; Jonsson & Jonsson
2011, Santiago et al. 2016). In Bulgaria, in higher
parts of the mountains (above 1900 m a.s.l.), brown
trout still occurs, however, analysis of the environ-
mental parameters in these habitats lies beyond the
scope of this study.

In the present study, trout population param-
eters — abundance, biomass and average individual
weight, did not respond to the increased hydromor-
phological pressure. However, the level of hydro-
morphological degradation of the respective water
body was correlated with lower Trout River Index
(TRI). More specifically, the index showed a no-
ticeable relationship with the level of river frag-
mentation and more significant with the changes in
hydrological flow. Hydrological flow regulations,
including hydropeaking, have multiple negative ef-
fects on fish population (Schmutz et al. 2014). In
this study trout population parameters did not reflect
the registered hydromorphological pressure. Pos-
sible explanation could be the regular stocking for
recreational activities, or intentional stocking with
brown trout within the Hydro Power Plants (HPP)
river section, in attempts to inflate the ecological
status of the river section. Additionally, the data on
hydromorphological degradation was gathered on
water body scale, while data on trout populations
was gathered on smaller scale — river section level.

The analysis of the influence of temperature on
the population structure of S. frutta indicated that
increase in temperature has a significant negative
effect on both the average individual weight and
biomass of S. trutta. However, the cross-validation
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results suggest stability and relatively good predic-
tive power only for the temperature-AIW relation-
ship. Although the exact percentages of the decline
were calculated specifically for our study area and
may vary significantly elsewhere, our results are
consistent with previous research. Such studies in-
dicate that warmer temperatures adversely impact
cold-water species like trout by elevating metabolic
rates and reducing suitable habitat (Hari et al. 2006,
Ficke et al. 2007). For example, Hari et al. (2006)
showed that rising stream temperatures due to cli-
mate change led to reduced growth and survival
rates of brown trout in Switzerland. Similarly, Jon-
sson & Jonsson (2009) reported that elevated wa-
ter temperatures during summer reduce food avail-
ability and growth opportunities for trout, leading
to smaller body sizes, a result consistent with our
observation of a reduction in average weight per in-
dividual.

The random effects diagnostics showed that
temperature explained a modest proportion of the
variance in population metrics, accounting for 6.8%
of the variance in biomass and 11.7% in average
individual weight. The inclusion of random effects
for river type and month increased the explained
variance, indicating that their influence should be
accounted for when analysing population metrics
of S. trutta. However, it should be mentioned that
water temperatures measured in July at sites with
trout presence (measured only during four sampling
events), ranged from 7.8°C to 8.8°C, with a mean of
8.35°C. These values are within the tolerance range
for brown trout (Santiago et al. 2016).

The habitat suitability model has relatively
good prediction ability indicated by the AUC and
TSS values. Also, the discrepancy between the pre-
dicted by the model and the observed total length of
river segments with presence of S. trutta is relatively
small (about 8%), confirming the good predictive
performance of the model. The results of the model
demonstrated that key environmental factors such
as land cover use in the catchment and microhabi-
tat variables as water depth strongly influence the
presence of S. trutta, and the selected variables are
suitable predictors for the occurrence of the species
and should be accounted for in similar studies on the
ecology of the species in future.

In this study, the highest habitat suitability was
observed at approximately 60% coniferous forest
cover in the catchments of the respective river seg-
ments. The importance of forested areas for brown
trout (Salmo trutta) habitats has been noted in other
research as well (Ucarli 2011). The proportion of for-
ested areas might reflect generally higher suitability
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associated with more natural (i.e., non-agricultural
and non-urban) land cover. The effect of forests may
also be linked to the shading provided by woody
riparian vegetation — keeping stream temperatures
lower during hot periods. At the same time, exces-
sive shade can inhibit primary productivity in small,
cold streams (Brocksen et al. 1968; Murphy and
Hall 1981). In fact, 50-75% midday shade has been
suggested as optimal for small streams (Raleigh et
al. 1986).

In the present analysis, the highest predict-
ed probability of occurrence was at a water depth
of about 0.3 m, with depths ranging from 0.3 m
to 0.9 m also linked to high habitat suitability for
adult brown trout (Raleigh et al. 1986). However, it
should be acknowledged that the depth ranges most
favourable for juvenile and fry stages may differ
from those for adults (Raleigh et al. 1986).

The U-shaped response observed in our study
— where both low and high proportions of non-irri-
gated arable land correlate with higher habitat suit-
ability for the species, while intermediate levels cor-
respond to lower suitability — can be contextualised
through the findings of Jacobson et al. (2001). The
authors emphasise that land-use changes, particu-
larly in upland and riparian areas, can lead to com-
plex alterations in stream physical habitats. Such
changes might result in increased runoff and sedi-
ment yield, which can cause degradation of habitat
quality, but these impacts can exhibit thresholds and
cumulative effects, leading to non-linear responses
in stream ecosystems (Jacobson et al. 2001). There-
fore, our results about the relationship between the
proportions of non-irrigated arable land underscore
the importance of considering not only the type but
also the configuration and intensity of land use in
freshwater habitat assessments.

In line with earlier research (Radinger 2014),
our findings indicate that habitat quality and dis-
persal ability exert a stronger influence on S. trutta
colonization than the presence of barriers. Over
longer time spans, the significance of dispersal on
local occurrence appears to diminish, giving habitat
quality a more prominent role in determining wheth-
er brown trout will establish and persist (Radinger
2014).

Conclusion

Our results provide several actionable insights for
Salmo trutta conservation: (1) Protection and resto-
ration of riparian vegetation, especially in warmer,
lower-elevation streams, as tree cover significantly
mitigates temperature impacts; this should include

implementing sustainable forestry practices in
catchments to maintain the forested areas; (2) identi-
fication of thermal refugia that may serve as critical
habitats under climate change scenarios; (3) imple-
mentation of more stringent control on water ab-
straction and flow regulation during summer months
when thermal stress is highest. By safeguarding and
enhancing tree cover in both riparian zones and
broader catchment areas, managers can strengthen
the resilience of trout populations to climate-driven
warming.
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